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a b s t r a c t
This paper proposes a novel two-stage electronic ballast used to supply automotive high-
intensity-discharge (HID) lamps with low-frequency square-wave sources. The ballast is
composed of a flyback converter with two output windings plus cascaded voltage doublers
to boost the 12 V input voltage up to a high DC voltage level of 400 V, and a high-frequency
combinedwith low-frequency square-wave-driven half-bridge inverter for supplying low-
frequency square-wave sources to the lampwithout incurring acoustic resonance. Analysis
and design guidelines are included for the presented ballast, as are experimental results of a
prototype ballast that features limited-output lamp-power control for providing one 35W
automotive HID lamp with a 12 V input DC voltage.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
For headlights, automotive high-intensity-discharge (HID) lamps are attractive due to their low power consumption
(35 W automotive HID lamps in contrast with 55 W halogen lamps), high lighting efficiency (larger than 90 lm/W), long
lamp lifetime (approximately 5000 h), and good color rendering, as comparedwith traditional halogen lamps [1–5]. In order
to supply a high light intensity and superb headlight quality, automotive HID lamps have already replaced conventional
halogens as headlamps in high-class import and domestic automobiles. Fig. 1 and Table 1 present photos and comparisons
of the characteristics of two kinds of automotive HID lamps. The commonly used headlight for automobiles is the D2-type
automotiveHID lamp, shown in Fig. 1(a). However, the drawbacks of theD2-type automotiveHID lamp are its higher ignition
voltage, low safety, serious electromagnetic noises, and a mercury-containing discharging tube. Nowadays, the new D1-
type automotive HID lamps, with a built-in step-up igniter stage inside the base of the lamps, shown in Fig. 1(b), have been
introduced to reduce the extremely high start-up voltage (about 15–25 kV) to a relatively low level of voltage (about 1 kV)
for the ballast circuit to successfully ignite the lamp, resulting in electromagnetic interfaces that are much decreased from
those occurring on their conventional D2 counterparts [6].
Due to the negatively incremental impedance characteristics that occur in the automotive HID lamp, an electronic
ballast is required, and one with compact size is favorable; the ballast lights the lamp at the start-up transient and
supplies rated lamp power in the steady state. The high-frequency sinusoidal-wave-operated electronic ballast may suffer
problematic acoustic resonance; this phenomenon may cause an unstable arc, flickering, extinguishing, or lamp damage.
Literature [7–15] has reported that an electronic ballast supplying low-frequency square-wave sources is preferred, and
this type is already commonly used in commercial electronic ballasts in order to effectively eliminate/avoid the acoustic
resonances that occur in automotive HID lamps.
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Fig. 1. Photos of automotive HID lamps: (a) D2, and (b) D1.
Table 1
Comparisons of characteristics of D2-type and D1-type automotive HID
lamps.
Items D2-type D1-type
Required ignition voltages 15–25 kV 1 kV
Safety Low High
Problem of electromagnetic interference Serious Slight
Includes mercury Yes No
Fig. 2. The traditional electronic ballast for automotive HID lamps.
Fig. 2 shows the traditional two-stage low-frequency square-wave-driven electronic ballast for automotive HID
lamps [11–14]. The traditional ballast consists of a flyback converter to boost the DC voltage Vin and a full-bridge inverter
to convert the DC voltage to the low-frequency square-wave sources that supply the automotive HID lamp. Due to the low-
frequency square-wave operation, no acoustic resonance occurs. The benefit of the traditional ballast topology is that it
is simple and easy to design; however, it requires five power switches. Fig. 3 shows another conventional two-stage low-
frequency square-wave-driven electronic ballast for automotive HID lamps, which is composed of a Class E DC–AC resonant
inverter, a voltage doubler, an AC–DC rectifier, and a half-bridge inverter [15]. The advantages of this circuit topology
are that it is free of acoustic resonance and achieves zero-voltage-switching (ZVS) on power switch SE . Nevertheless, the
disadvantages of this kind of topology are its large number of components, complicated design of the parameters utilized
in the resonant inverter, and limited efficiency.
In response to these challenges, this paper proposes a novel two-stage cost-effective electronic ballast for a 35 W D1-
type automotive HID lamp, that is free of acoustic resonance and utilizes a limited-output lamp-power control scheme. The
proposed ballast supplies a 400 Hz low-frequency square-wave source for the automotive HID lamp, allowing for stable
operation without incurring acoustic resonance. Analysis of the ballast circuit, design guidelines, and experimental results
for a prototype ballast supplying a 35 W-rated automotive HID lamp are demonstrated.
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Fig. 3. The conventional electronic ballast for automotive HID lamps.
Fig. 4. The proposed electronic ballast for automotive HID lamps.
2. Description and analysis of the proposed automotive HID lamp ballast
The proposed two-stage electronic ballast for supplying the automotive HID lamp is shown in Fig. 4. The first stage is
a flyback converter with two output windings plus cascaded voltage doublers; this stage is composed of a transformer
T1 with two windings, a power switch Sfly, four diodes D1,D2,D3 and D4, two capacitors Cs1 and Cs2, and two DC-linked
capacitors Co1 and Co2. The high-frequency combined with low-frequency square-wave-driven half-bridge inverter as the
second stage is formed by two power switches (S1 and S2), the two DC-linked capacitors, an inductor Lbuck, a capacitor Cbuck,
and an igniter aswell as the automotiveHID lamp. The operational principles of the proposed circuit are described in detail as
follows.
2.1. Analysis of first-stage converter
The first-stage flyback converter with two output windings plus cascaded voltage doublers is designed to operate in
discontinuous-conduction mode (DCM). The operational modes and key waveforms of the first semi-stage are shown in
Figs. 5 and 6, respectively.
Mode 1 (t10 5 t < t11)—(Fig. 5(a)): When switch Sfly turns on at t10, the input DC voltage is applied to magnetic inductor
Lm, and the magnetic inductor current iLm linearly increases. The magnetic inductor current iLm is given by
iLm(t) =
Vin
Lm
(t − t10) . (1)
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(a)Mode 1 (t10 ∼ t11).
(b)Mode 2 (t11 ∼ t12).
(c)Mode 3 (t12 ∼ t13).
Fig. 5. Analyis of the flyback converter with two output windings plus cascaded voltage doublers: (a)Mode 1, (b)Mode 2, and (c)Mode 3.
The magnetic inductor current iLm increases linearly to its peak value at time t1, according to the following equation:
iLm,peak =
Vin
Lm
duty1TS1, (2)
where duty1 is the duty cycle of switch Sfly, and TS1 is the switching period.
In this mode, diodes D1 and D2 are forward-biased; therefore, input voltage Vin provides energy to capacitors Cs1 and Cs2
through transformer T1 and diodes D1 and D2. In addition, the capacitors Co1 and Co2 provide energy with the equivalent
resistor Ro. This mode finishes when switch Sfly turns off at t = t11.
Mode 2 (t11 5 t < t12)—(Fig. 5(b)): When Sfly turns off at t11,D3 and D4 are on due to being forward-biased. The magnetic
inductor Lm and capacitors Cs1 and Cs2 discharge energy to the DC-linked capacitors Co1, Co2 and the equivalent resistor Ro,
respectively, through diodes D3 and D4. The drain-to-source voltage vDS is given by
vDS = Vin + NPNS
VDC
2
, (3)
where the turns NS = NS1 = NS2.
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Fig. 6. Key waveforms of the first-stage converter.
The magnetic inductor current iLm linearly decreases with a slope of NPVDC/2NSLm, and can be expressed as
iLm(t) =
NP
NS
VDC
2Lm
(t − t11) . (4)
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(a)Mode 1. (b)Mode 2.
(c)Mode 3. (d)Mode 4.
(e)Mode 5. (f)Mode 6.
Fig. 7. Operational modes of second-stage DC–AC inverter: (a)Mode 1, (b)Mode 2, (c)Mode 3, (d)Mode 4, (e)Mode 5, and (f)Mode 6.
The diode current iD3 and iD4 are described as
iD3(t) = iD4(t) = NPNS
iLm(t)
2
. (5)
When the magnetic inductor current has decreased to zero at time t12, this operating mode ends.
Mode 3 (t12 5 t < t13)—(Fig. 5(c)): At t12, power switch Sfly remains off. The energy stored on capacitors Co1 and Co2 is
delivered to the equivalent resistor Ro until switch Sfly is turned on at t13. This mode finishes when switch Sfly turns on again.
2.2. Analysis of second-stage inverter
Referring to Fig. 4, the second-stage circuit is a high-frequency combined with low-frequency square-wave-driven half-
bridge inverter. The operational modes and principal waveforms of the second-stage inverter are described as follows and
are shown in Figs. 7 and 8, respectively.
Mode 1 (t20 5 t < t21): Power switch S1 turns on at t20 while switch S2 remains off. The equivalent circuit of Mode 1 is
shown in Fig. 7(a). When power switch S1 turns on, inductor Lbuck is charged by DC-bus voltage VDC, and the inductor current
is linearly increased. The peak current across inductor Lbuck is given by:
iLbuck-pk =
VDC − 2vLamp
2Lbuck
DutyTs, (6)
where vlamp is the rated lamp voltage; Ts andDuty are the switching period and duty cycle of switches S1 and S2, respectively.
Mode 2 (t21 5 t < t22): Power switch S1 turns off at t21 while switch S2 remains off. The equivalent circuit of Mode 2 is
shown in Fig. 7(b). When switch S1 turns off, the inductor current continues decreasing to zero through the body diode of
switch S2. The current across inductor Lbuck is given by:
iLbuck(t) =
VDC + 2vlamp
2Lbuck
(t − t21). (7)
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Fig. 8. Principal waveforms of second-stage DC–AC inverter.
Mode 3 (t22 5 t < t23): The equivalent circuit of Mode 3 is shown in Fig. 7(c). Power switches S1 and S2 still remain off
from interval t22 to t23, and the capacitor Cbuck provides energy to the lamp.
In addition,Modes 1 through 3 occur during the positive half-cycle of the lamp voltage and current, whileModes 4 through
6 are during the negative half-cycle. The operationalmodes during the negative half-cycle of lamp voltage/current are shown
in Fig. 7(d)–(f).
3. Design guidelines of key components
3.1. Design of turns ratio NP/NS of transformer T1
Referring to Fig. 4, the relationship between the output DC-linked voltage VDC and input voltage Vin is given by
VDC
Vin
= 4NS
NP
duty1
1− duty1
. (8)
Rearranging (6), the turns ratio NP/NS of transformer T1 can be expressed by
NP
NS
= 4duty1Vin
(1− duty1)VDC
. (9)
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Using (7) with a Vin of 12 V, a VDC of 400 V, and a duty1 of 0.6, the turns ratio is computed as
NP
NS
= 4 · 0.6 · 12
(1− 0.6) · 400 = 0.18.
Thus, the turns ratio is NP/NS = 0.2=1/5.
3.2. Design of magnetic inductor Lm
Magnetic inductor Lm in the flyback converter with two output windings plus cascaded voltage doublers, operating in
boundary-conduction mode (BCM), denoted as LmB, can be expressed as
LmB =

NP
NS
2
(1− duty1)2VDC
4IOfS1
, (10)
where IO is the output current of the first-stage converter, and fS1 is the switching frequency of power switch Sfly.
Using (10) with a IO of 0.1 A and an fS1 of 100 kHz, the inductor LmB is given by
LmB =

1
5
2
(1− 0.6)2 · 400
4 · 0.1 · 100k = 64 µH.
For operating in DCM, the magnetic inductor Lm is selected to be 50 µH.
3.3. Design of inductor Lbuck
The design equation for inductor Lbuck operating in DCM is obtained by [16]
Lbuck = (VDC − 2vlamp)VDCDuty
2
2ilamp(VDC + 2vlamp)fS2 , (11)
where vlamp and ilamp are the lamp’s rated voltage and current, and fS2 is the high-frequency portion of gate-driving signals
vGS1 and vGS2.
Using (11) with a vlamp of 86 V, a VDC of 400 V, a Duty of 0.35, an ilamp of 0.406 A, and switching frequency fs2 of 40 kHz,
the inductor Lbuck can be obtained by
Lbuck = (400− 2 · 86) · 400 · 0.35
2
2 · 0.406 · (400+ 2 · 86) · 40k = 600 µH.
3.4. Design of capacitor Cbuck
The design equation for capacitor Cbuck is shown as follows [16]:
Cbuck = (1− Duty)ilamp8Lbuck1ilampf 2S2
, (12)
where1ilamp is themaximum allowable level of current ripple for avoiding acoustic resonance. By using Eq. (12), along with
a D of 0.35, an ilamp of 0.406 A, and1ilamp of 0.05, the capacitor Cbuck is computed by
Cbuck = (1− 0.35) · 0.4068 · 600µ · 0.05 · (40k)2 = 0.68 µF.
4. Experimental results
A prototype ballast supplying an OSRAM 35 W D1-type automotive HID lamp has been built and tested. In addition,
referring to Fig. 4, the limited-output lamp-power control scheme is fulfilled by simultaneously sensing the DC-linked
voltage VDC and the output current of the first-stage converter and then adjusting the duty cycle of power switch Sfly such
that it is able to maintain approximately rated output power for the automotive HID lamp. Table 2 presents the key circuit
components utilized in the proposed electronic ballast. The measured gate-driving signals vgs-fly, vgs1, and vgs2 are shown in
Fig. 9. Additionally, the high-frequency and low-frequency portions of the gate-driving signals vgs1 and vgs2 are 40 kHz and
400 Hz, respectively. Fig. 10 shows the measured waveform for an output voltage VDC in the flyback converter, the average
value of which is 400 V. Fig. 11 presents the measured inductor current iLbuck and a zoom-in of its waveform. Moreover, iLbuck
is designed to operate at DCM. The measured lamp voltage vlamp and lamp current ilamp are shown in Fig. 12. The rms values
of lamp voltage and current at steady state are 85.9 V and 0.41 A, respectively. By providing low-frequency (400 Hz) square-
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Fig. 9. Measured gate-driving signals vgs1, vgs2 , and vgs-fly (voltage: 10 V/div; time scale: 1 ms/div).
Fig. 10. Measured output voltage VDC in the flyback converter (voltage: 200 V/div; time scale: 1 ms/div).
Fig. 11. Measured inductor current iLbuck (current: 2 A/div, time scale: 1 ms/div; current: 1.6 A/div, time scale: 20 µs/div).
Fig. 12. Lamp voltage vlamp (100 V/div) and current ilamp (1 A/div); time scale: 1 ms/div.
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Table 2
Key components utilized in the proposed automotive HID lamp ballast.
Parameter Value
The 1st stage: Flyback converter with two output
windings and cascaded voltage doublers
Magnetic inductor Lm 50 µH
Diode D1,D2,D3,D4 MUR460
Power switch Sfly IRFP460
Capacitor Cs1, Cs2; Co1, Co2 1 µF; 47 µF
Turns ratio of transformer T1 Np : Ns1 : Ns2 = 1 : 5 : 5
Control IC L3842
Switching frequency 100 kHz
The 2nd stage: High-frequency (40 kHz) combined
with low-frequency (400 Hz) square-wave-driven
half-bridge inverter
Inductor Lbuck 600 µH
Capacitor Cbuck 0.68 µF
Power switch S1, S2 IRFP460
Control IC TL494
Fig. 13. Photos taken by a digital camera: (a) at steady-state operation after lighting up, and (b) the discharging arc of the automotive HID lamp.
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Fig. 14. Measured output lamp power and efficiency under different input DC voltages.
wave voltage/current to the automotive HID lamp, no acoustic resonances occur. Fig. 13(a) is a digital photo at steady-state
after lighting the lamp; Fig. 13(b) shows the measured discharging arc inside the automotive HID lamp; as demonstrated,
freedom from acoustic resonance is achieved.
Fig. 14 depicts the measured output lamp power and efficiency under different input DC voltages (ranging from 10.5
to 16.5 V). Moreover, the measured lamp power remains almost at the rated power of 35 W ± 3%; this level of stability
validates the limited-output lamp-power control scheme of the proposed ballast. In addition, the maximum efficiency of
the presented ballast is 83.6% at an input DC voltage of 16.5 V.
5. Conclusions
This paper has proposed a two-stage, cost-effective, acoustic-resonance-free electronic ballast for automotiveHID lamps;
it combines a flyback converter (that has two output windings plus cascaded voltage doublers) and a high-frequency/low-
frequency square-wave-driven half-bridge inverter.
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A prototype ballast circuit has been built in order to provide a 35 W D1-type automotive HID lamp with a 12 V input
DC voltage. The experimental results demonstrate that the low-frequency square-wave-driven electronic ballast is free of
acoustic resonance and is able to maintain approximately rated lamp-power (35 W ± 3%) operation under different input
voltage levels (ranging from 10.5 to 16.5 V). These results verify the functionality of the proposed ballast circuit.
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